Slow wave sleep (SWS) is associated with spontaneous brain oscillations that are thought to participate in sleep homeostasis and to support the processing of information related to the experiences of the previous awake period. At the cellular level, during SWS, a slow oscillation (<1 Hz) synchronizes firing patterns in large neuronal populations and is reflected on electroencephalography (EEG) recordings as large-amplitude, low-frequency waves. By using simultaneous EEG and event-related functional magnetic resonance imaging (fMRI), we characterized the transient changes in brain activity consistently associated with slow waves (>140 V) and delta waves (75-140 V) during SWS in 14 non-sleep-deprived normal human volunteers. Significant increases in activity were associated with these waves in several cortical areas, including the inferior frontal, medial prefrontal, precuneus, and posterior cingulate areas. Compared with baseline activity, slow waves are associated with significant activity in the parahippocampal gyrus, cerebellum, and brainstem, whereas delta waves are related to frontal responses. No decrease in activity was observed. This study demonstrates that SWS is not a state of brain quiescence, but rather is an active state during which brain activity is consistently synchronized to the slow oscillation in specific cerebral regions. The partial overlap between the response pattern related to SWS waves and the waking default mode network is consistent with the fascinating hypothesis that brain responses synchronized by the slow oscillation restore microwake-like activity patterns that facilitate neuronal interactions.
D
uring the deepest stage of nonrapid eye movement (NREM) sleep, also referred to as slow wave sleep (SWS) in humans (stage 3-4 of sleep), spontaneous brain activity is organized by specific physiological rhythms, the neural correlates of which have been described in animals (1) . Unit recordings have shown that neuronal activity during SWS is characterized by a fundamental oscillation of membrane potential. This so-called ''slow oscillation'' (Ͻ1 Hz) is recorded in all major types of neocortical neurons during SWS and is composed of a depolarizing phase, associated with important neuronal firing (''up state''), followed by a hyperpolarizing phase during which cortical neurons remain silent for a few hundred milliseconds (''down state'') (2, 3). The slow oscillation occurs synchronously in large neuronal populations in such a way that it can be reflected on electroencephalography (EEG) recordings as large-amplitude, low-frequency waves (4) .
Delta rhythm (1-4 Hz) is another characteristic oscillation of NREM sleep. The neural underpinnings of delta rhythm remain uncertain, however. In the dorsal thalamus, a clock-like delta rhythm is generated by the interplay of two intrinsic membrane currents, although another delta rhythm survives complete thalamectomy, suggesting a cortical origin (1) .
In humans, a slow oscillation was identified on scalp EEG recordings by the recurrence of spindles (5) or their grouping by slow waves (6) , or as high-amplitude slow waves (7) . Scalp EEG recordings demonstrated the spatial variability of slow waves. Each wave originates at a specific site and travels over the scalp following a particular trajectory (7) . Although waves originate more frequently in frontal regions, brain areas consistently recruited by the slow oscillation have not yet been identified.
In addition, the taxonomy of SWS waves is not always clear in humans. The power density in the 0.75-4 Hz frequency band, usually referred to as slow wave activity (SWA), has proven to be a very useful and popular parameter, because it quantifies the dissipation of homeostatic sleep pressure during NREM sleep (8) . However, its frequency bounds do not respect the dichotomy between slow (Ͻ1 Hz) and delta rhythms (1-4 Hz) that is based on differences in the respective cellular correlates of these oscillations in animals (1) . In the temporal domain, the amplitude of SWS waves is classically Ͼ75 V (9). However, the largest waves (Ͼ140 V) were recently taken as realizations of the slow oscillation (Ͻ1 Hz) (6, 7) . This approach tacitly implies that waves of intermediate amplitude (between 75 and 140 V) correspond to delta waves and implicitly assumes that slow waves and delta waves are two distinct processes. This concept contrasts with the view, promoted by computational models that slow waves and delta waves are both underpinned by the cellular processes underlying the slow oscillation (10) .
In this work, our first objective was to identify the brain areas that consistently increase their activity in relation to SWS waves. Identifying those responses to SWS waves would speak for their constant recruitment during these waves. Our second aim was to assess the similarities and differences between slow and delta waves, operationally defined on amplitude criteria. This information would contribute to a better understanding of human NREM sleep oscillations. To address these issues, we used simultaneous EEG/ fMRI and an event-related design to characterize the functional brain correlates of slow waves and delta waves during SWS in normal human volunteers. Importantly, participants were not sleepdeprived, which allowed us to study sleep under normal homeostatic pressure. SWS waves were considered identifiable neural events and categorized into high-amplitude slow waves (Ͼ140 V), as described by Massimini et al. (7) , and slow waves of lower amplitude, which we refer to as delta waves (75-140 V). In the analysis of fMRI data, both types of waves were taken as events and compared with the SWS baseline activity, to identify the brain areas that would systematically respond to the occurrence of the detected waves.
2-4) was 46.7 min per subject, ranging from 6.1-96.1 min. The mean NREM sleep latency was 19.1 min, ranging from 4.7-28.9 min. For the analysis of each individual data set, epochs of uninterrupted SWS (stage 3-4), devoid of any arousals or movement times, were selected following classical sleep criteria (9) . These epochs ranged from 2.46-36.1 (mean, 10.8) min. Spectral power analyses were conducted on these SWS epochs across subjects and, as expected, showed prominent activity within frequency band inferior to 4 Hz, that accounted for 93.2% of the total EEG power (Fig. 1B) . The residual EEG power was distributed between theta (4-8 Hz; 3.4%), alpha (8-11 Hz; 1.3%), sigma (11-15 Hz; 1.4%), and beta (15-20 Hz; 0.7%) frequency bands.
Slow waves and delta waves were automatically detected on the selected SWS epochs (7) and verified visually ( Fig. 1 A and D) . The onset of each wave was positioned at the maximum negativity of the wave ( Fig. 1 A, red dotted arrow), because it is considered to reflect the transition to the depolarizing phase or up state of the intracellularly defined slow oscillation (7) . The number of events (i.e., detected waves) per subject ranged from 19-689 (mean, 223) for slow waves and from 18-557 (mean, 193) for delta waves. The average scalp topographical distribution of EEG potentials taken at the onsets of slow waves showed a clear frontal predominance (Fig.  1C) , consistent with the frontal predominance of SWA (8) and the greater probability of detecting slow waves over frontal channels (7) . A similar map was obtained for delta waves (data not shown).
The analysis of fMRI data acquired simultaneously allowed us to assess the brain activities associated with the onset of all detected slow waves and/or delta waves. The resulting functional maps show the neural activities recruited by these events compared with the baseline activity of SWS, taking into account the variance explained by sleep spindles. The baseline activity consisted essentially of small-amplitude oscillations above the low-frequency ranges (Ͼ4 Hz), representing no more than 7% of the total sleep EEG power (over Fz; Fig. 1B) .
We first identified the brain areas in which the detected waves, both slow waves and delta waves, were systematically associated with an increase in local activity (main effect of all waves). We found significant brain activity increases in the pontine tegmentum (in an area encompassing the locus coeruleus), midbrain, cerebellum, parahippocampal gyrus, inferior frontal gyrus, middle frontal gyrus, precuneus, and posterior cingulate cortex (Table 1 ; Fig. 2 ). We then assessed the brain responses that were selectively associated with slow waves or delta waves (main effect of either wave, relative to baseline). Slow waves were related to significantly increased brain activity in the pons, cerebellum, and parahippocampal gyrus (Table 2 ; Fig. 3, Left) . Delta waves were associated with significantly increased brain activity in the medial prefrontal cortex and inferior frontal gyrus (Table 3 ; Fig. 3, Right) . Importantly, in none of these contrasts was the regional brain activity significantly decreased in association with slow waves and/or delta waves. Finally, we directly compared the brain responses related to slow waves and delta waves, but found no significant difference between them.
All of the reported activations were specifically related to the presence of the detected waves, but not to a specific phase of the wave. Indeed, moving the onset of each wave to, for instance, the maximum positivity of the wave led to identical brain activations (data not shown). Our results are indisputably related to the presence of the waves; however, by using random onset positions within the selected NREM sleep epochs produced no significant fMRI results. (11) (12) (13) (14) (15) , and beta (15) (16) (17) (18) (19) (20) . Slow and delta frequency bands account for 93% of the total EEG power. (C) Slow wave scalp topography. Normalized values of potential amplitudes on all 64 EEG channels at times corresponding to the peak negativity of slow waves were averaged over detected slow waves and subjects. Note the clear frontal dominance of the slow waves, which is consistent with other studies (7) . For the calculation of this map, we used the average reference. The vertical bar indicates the color code for normalized potential values. A, anterior; P, posterior; L, left; R, right. The delta wave scalp topography map is highly similar to the slow wave map and thus the data is not shown. (D) Criteria used for automatic detection of slow waves and delta waves (7). Here the x, y, and z values are coordinates in the MNI space. The z scores result from the statistical parametric analysis; p refers to the probability of the null hypothesis (i.e., absence of activity change associated with slow oscillation; P Ͻ .05), after correction for multiple comparisons on a volume of interest centered on published coordinates [reference(s) specified for each brain area]. Additional results that did not survive correction for multiple comparisons are given in Table S1 .
Discussion
In this study, brain response patterns associated with characteristic neural events of SWS (i.e., slow waves and delta waves) were characterized in non-sleep-deprived volunteers by using EEG/ fMRI. Our results can be summarized in three main findings. First, the event-related design allowed us to detect significant increases in regional brain activity associated with slow waves and delta waves in both subcortical and cortical areas, whereas no decreases in activity were observed. Second, a direct comparison of slow waves and delta waves revealed no significant difference between the activities associated with these waves; however, when compared with baseline activity, slow waves were selectively associated with responses in the brainstem, cerebellum, and parahippocampal gyrus, and delta waves were related to frontal responses. Third, a partial overlap was found between the default network reported during resting wakefulness (11) and responses associated with SWS oscillations.
Comparison with Earlier Positron Emission Tomography and fMRI Studies.
Our results confirm our hypothesis that deep NREM sleep is characterized at the macroscopic systems level by phasic increases in regional brain activity in relation to discrete events as slow waves or delta waves. These results stand in sharp contrast with earlier studies of NREM sleep by using positron emission tomography (PET) (12) or block-design fMRI (13) , which found decreased brain activity during NREM sleep. This discrepancy can be attributed to two main factors. The statistical contrasts used in many of these earlier studies compared the distribution of brain activity during sleep and wakefulness. In contrast, our analysis describes the transient changes in regional brain activity associated with discrete SWS waves relative to a baseline consisting of low-power theta, alpha, and beta activity during NREM sleep. We emphasize that the increased brain activities related to the waves detected in the present study were contrasted with the baseline activity of SWS and do not imply a comparison with waking activity. Second, because of its low temporal resolution, PET is poorly adapted to detect transient brain activities compared with event-related fMRI. For example, the negative correlation between thalamic blood flow and power within the spindle frequency range observed with PET (14) likely was due to averaging of various neural events, including up and down states, over the entire scanning time. In the present study, the temporal resolution of fMRI allowed the detection of activation related to the occurrence of slow waves or delta waves but was not precise enough to identify the brain responses specifically related to the phase of the waves, that is, the respective effects of the up and down states. Other fMRI studies have shown decreased brain activity associated with NREM sleep waves (delta power and K complexes) (15) , but these were stimulus-induced waves, not spontaneous waves as reported here.
Functional Segregation of Brain Responses Associated with SWS Oscillations. Our findings provide a characterization of the neural correlates of SWS oscillations that complements the description obtained from scalp EEG in humans or cellular recordings in animals. Unit recordings in the naturally sleeping cat or in brain slices have indicated that the slow oscillation is generated within the cortex (4, 16) and can be recorded from all cortical areas (1) . In contrast, the cortical activities associated with SWS oscillations, although widespread, are not global; rather, they have been iden- Here the x, y, and z values are coordinates in the MNI. The Z scores result from the statistical parametric analysis; P refers to the probability of the null hypothesis (i.e., absence of activity change associated with high-amplitude slow waves; P Ͻ .05), after correction for multiple comparisons on a volume of interest centered on published coordinates (reference specified for each brain area). Additional results that did not survive correction for multiple comparisons are given in Table S2 .
tified in discrete cortical areas (i.e., inferior frontal gyrus, middle frontal gyrus, medial frontal gyrus, precuneus, posterior cingulate, and parahippocampal gyrus). This observation does not imply that the rest of the cortex does not participate in the slow oscillation. Our analysis characterized the activity consistently associated with detected slow waves and/or delta waves across subjects rather than responses elicited by each individual wave, the site of origin and pattern of propagation of which can vary (7). In the frontal lobe, activity associated with SWS waves included the medial, orbital, inferior, and middle frontal gyri but not with the superior frontal gyri. The recruitment of parietal and temporal association areas was much less extensive and was restricted to the precuneus. These findings are globally consistent with the pattern of origin of slow oscillation characterized by scalp EEG recordings. Slow oscillation seldom originates from posterior areas but is frequently initiated in frontal regions corresponding to the transition between the dorsolateral prefrontal and orbitofrontal cortex (7) .
We identified slow oscillation-related activity in cortical areas that had not been identified by EEG recordings, especially limbic areas (parahippocampal gyrus). The bilateral activation in the parahippocampal gyrus is consistent with cellular firing patterns reported in animals during deep NREM sleep. At the cellular level, hippocampal activity is partially influenced by and synchronized to the cortical slow oscillation (17) . Simultaneous activation of neural assemblies in the cortex and hippocampus during slow oscillation are thought to underpin memory processing (18) . In humans, the hippocampus is activated during NREM sleep after training to memory tasks (19, 20) , and slow oscillation has been proposed to play a key role in NREM sleep-associated consolidation of memory (21) . In the present experiment, subjects were not submitted to any systematic memory task before sleep. Our results demonstrate that even under these conditions, slow oscillation is associated with consistent responses in the parahippocampal gyrus, a major relay area between the hippocampus and neocortex (22) .
We detected increased activity in relation to slow oscillation in both cerebellar hemispheres and the vermis. Functional changes in the cerebellum during human NREM sleep have been reported, but as a decrease in activity (12) . The participation of the cerebellum in the slow oscillation has not yet been characterized at the cellular level. A systematic investigation should explore whether the cerebellum actively contributes to generation of the slow oscillation or whether the slow oscillation passively follows the activity generated in thalamocortical loops.
Finally, we unexpectedly found significant responses associated with slow oscillation in the midbrain and pontine tegmentum, a region that includes critical structures involved in the regulation of sleep and wakefulness (especially cholinergic and aminergic nuclei) (1). In particular, the activated pontine area encompasses the locus coeruleus (LC), a noradrenergic nucleus located in the lateral floor of the fourth ventricle. This finding contrasts with the classical view of a necessary decrease in activity in the brainstem-activating systems for NREM sleep oscillations to emerge (1) and with the blockage of slow oscillation by stimulating cholinergic or noradrenergic brainstem structures (23) . Consistent with preliminary results showing that the firing of LC neurons is organized by the cortical slow oscillation in rats (24) , our data suggest that several structures in the brainstem, including the LC, may be active in phase with slow oscillation and may contribute to modulating cortical function during SWS.
The slow oscillation is known to synchronize thalamic firing sequences (25) . Moreover, thalamic cells present intrinsic properties that give them the capability to generate a slow rhythm (26, 27) . The absence of any thalamic response associated with slow waves or delta waves may appear to be at odds with these neurophysiological data. This negative finding is related to technical issues. The variance in thalamic voxels has been explained by regressors that account for activity related to sleep spindles and attributed to the nonlinearity of BOLD responses for high-frequency events (Volterra series; see Materials and Methods). The lack of thalamic response illustrates the conservativeness of the present analysis. Here the x, y, and z values are coordinates in the MNI. The Z scores result from the statistical parametric analysis; P refers to the probability of the null hypothesis (i.e., absence of activity change associated with delta waves; P Ͻ .05), after correction for multiple comparisons on a volume of interest centered on published coordinates (reference specified for each brain area). Additional results that did not survive correction for multiple comparisons are given in Table S3 .
rhythms. Whereas slow rhythm is strictly generated within cortical circuits, delta rhythm may be derived from intrinsic properties of thalamocortical cells as well as from intracortical network interactions (1) . In keeping with this concept of slow waves and delta waves as distinct processes, EEG power densities within slow and delta frequency bands differ in their dynamics through the night: The latter decline from the first to the second NREM sleep episode, whereas the former do not (5) .
The other hypothesis views slow waves and delta waves as realizations of a unique process, the slow oscillation, which varies in a continuous parameter space. The amplitude and slope of the waves reflect the level of synchronization achieved in cortical neural ensembles, which depends on the local homeostatically regulated average synaptic strength (10) .
In this study, we arbitrarily distinguished two types of waves according to their respective amplitude. Slow waves and delta waves were defined not as EEG activities within specific frequency bands, but rather as individual events defined by amplitude per duration criteria. A peak-to-peak amplitude of Ͼ140 V characterized high-amplitude slow waves (7), whereas the amplitude of delta waves was between 75 and 140 V (Fig. 1D) (9) . In keeping with the second (''quantitative'') hypothesis, no significant difference in brain activation was found when comparing slow waves and delta waves at the macroscopic systems level; however, compared with baseline, slow waves and delta waves were seen to be related to distinct response patterns. Slow waves activated the rostral pons, cerebellum, and parahippocampal gyrus bilaterally (Fig. 3, Left) , whereas delta waves were characterized by the activation of the inferior frontal gyrus and medial frontal cortex (Fig. 3, Right) . One interpretation of these results is that the mesiotemporal areas, brainstem, and cerebellum are consistently recruited during a slow wave only under conditions of substantial cortical synchronization (leading to high wave amplitude), whereas the frontal areas participate in a slow wave even when cortical synchronization is less prominent (leading to lower wave amplitude). In line with this assertion, brain responses associated with slow waves or delta waves were found to be significantly modulated by the amplitude of the waves in the posterior hippocampus, pons, cerebellum (positive modulations), and inferior frontal gyrus (negative modulation) (data not shown).
Resting State Networks During SWS. Some previous independent studies consistently found a common pattern of brain activity during resting wakefulness relative to various active goal-directed behaviors (28) . In this set of brain areas, commonly referred to as the ''default mode'' network (29) , as well as in other large-scale cerebral networks, the fMRI BOLD signal spontaneously fluctuates at a frequency Ͻ0.1 Hz (30) .
NREM sleep often is considered a resting state for the brain. In addition, spontaneous BOLD fluctuations seem to persist within the default mode network in humans during light NREM sleep (31) . Finally, some of the cortical areas reported in the present study represent core components of the default mode network, namely the precuneus, posterior cingulate, and medial prefrontal cortices. These points suggest some functional commonalities between resting spontaneous BOLD fluctuations and the responses associated with SWS oscillations. This assumption remains controversial, however. On one hand, the partial spatial overlap between SWSassociated responses and spontaneous BOLD fluctuations does not imply that similar neural processes are in place. Here we have shown that regional brain activity is shaped by the slow rhythm during SWS. This fundamental electrical oscillation of NREM sleep is identified on EEG recordings by large-amplitude, low-frequency waves, the fundamental frequency of which is an order of magnitude larger than ultra-slow fMRI BOLD spontaneous fluctuations. The neural underpinnings of the slow rhythm have been characterized in increasing detail by using unit recordings in animals. In contrast, the neural correlates of spontaneous fluctuations of BOLD activity remain unknown. They have been correlated with the modulation of EEG power in various frequency bands during the waking resting state in humans (32) and in the delta frequency band in anesthetized rats (33) . The spontaneous BOLD activity may just as likely be related to an elusive ultra-slow (Ͻ0.1 Hz) oscillation identified in humans on scalp EEG recordings (34) .
On the other hand, up states of the slow oscillation recently have been characterized as microwake ''fragments'' that facilitate neuronal interaction and information processing in the sleeping brain (35) . In this sense, one may wonder to what extent the brain responses associated with SWS oscillations reinstate the large-scale functional organization observed during the waking resting state at the cellular and macroscopic systems levels.
Conclusions
By using EEG/fMRI in non-sleep-deprived normal volunteers, we characterized the brain areas that consistently increased their activity in relation to SWS waves. Further studies using EEG or magnetoencephalography should specify how these various areas are recruited during individual slow waves and delta waves. Our results indicate that the involvement of mesiotemporal areas (i.e., hippocampus and parahippocampal gyrus) is related to wave amplitude, suggesting that the mesiotemporal areas are preferentially recruited in the context of substantial cortical synchronization. This finding has a potentially important bearing on our understanding of memory processing during NREM sleep and merits further investigation at the cellular and systemic levels.
The cortical areas that are consistently recruited by SWS waves partially overlap with the default mode network reported during resting wakefulness. This finding has potentially important implications for our understanding of information processing during NREM sleep. The extent to which transient surges in activity associated with SWS waves restore neural activity patterns and a neuromodulatory context suggestive of microwake fragments should be investigated in more depth.
Materials and Methods
Subjects. Twenty-five healthy, right-handed subjects (11 females; age range, 18 -25 years; mean age, 21.96 years) gave written informed consent and received financial compensation for their participation in this study, which was approved by the Ethics Committee of the Faculty of Medicine, University of Liè ge. No participants had any history of medical, traumatic, psychiatric, or sleep disorders, as assessed by a semistructured interview. All participants were nonsmokers, moderate caffeine and alcohol consumers, and on no medications. Before the experimental night, the participants followed a 4 day constant sleep schedule, assessed by wrist actigraphy (Actiwatch; Cambridge Neuroscience) and sleep diaries. They were not sleep-deprived.
EEG Acquisition and Analysis. The EEG caps included 62 scalp electrodes onlinereferenced to FCz, as well as one electro-oculogram channel and one electrocardiogram (ECG) channel. By using abrasive electrode paste (ABRALYT 2000; FMS), electrode-skin impedance was kept Ͻ5 kohms, in addition to the 5-kohm resistor built into the electrodes. EEG was recorded in the scanner room simultaneously with fMRI acquisition during the first half of the night, by using two magnetic resonance (MR)-compatible 32 channel amplifiers (BrainAmp MR plus; Brain Products) and a MR-compatible EEG cap (BrainCap MR; Falk Minow Services) with 64 ring-type electrodes. Data were transferred outside the scanner room through fiberoptic cables to a personal computer, in which the EEG system running Vision Recorder Software, version 1.03 (Brain Products) was synchronized to the scanner clock. The EEG was digitized at a 5000 Hz sampling rate with 500 nV resolution. Data were analog-filtered by a band-limiting low-pass filter at 250 Hz (30 dB per octave) and a high-pass filter with a 10 s time constant corresponding to a high-pass frequency of 0.0159 Hz. For the offline analysis, EEG data were low-pass filtered (FIR filter; Ϫ36 dB at 70 Hz), down-sampled to 250 Hz, and re-referenced to the mastoids. Scanner gradient artifacts were removed by using adaptive average subtraction (36) . Ballistocardiographic artifacts were removed by using an algorithm based on independent component analysis (37). Sleep staging followed standard criteria (9) and identified periods of stage 3 and stage 4 sleep, free of any artifacts, during which the EEG and fMRI data were analyzed. Only stable stage 3-4 epochs lasting Ͼ2 min were considered. Slow waves in these epochs were detected automatically, by using an algorithm adapted from Mas-simini et al. (7) . The detection algorithm was applied to potentials averaged over four large and nonoverlapping areas of the scalp (7): (1) F3, F1, Fz, F2, F4, FC1 , and FC2; (2) FC5, FC3, C5, C3, C1, CP5, and CP3; (3) FC6, FC4, C6, C4, C2, CP6, and CP4; and (4) CP1, CPz, CP2, P3, P1, Pz, P2, and P4. The criteria for detecting the slow waves were applied independently to each local average (bandpass, 0.1-4 Hz) and were as follows ( Fig. 1D): (1) a negative zero crossing and a subsequent positive zero crossing, separated by 0.3-1.5 s; (2) a positive zero crossing and a subsequent negative zero crossing, separated by Ͻ1 s; (3) a negative peak between the two zero crossings with voltage ϽϪ80 V; and (4) a negative-topositive peak-to-peak amplitude Ͼ140 V. Delta waves were detected by using the same procedure but with different amplitude criteria (negative peak amplitude between Ϫ40 and Ϫ80 V; peak-to-peak amplitude between 75 and 140 V; Fig. 1D ). Detected waves subsequently were checked visually for correct classification. The onset of the wave was set at the peak surface negativity, which is easily recognizable (Fig. 1 A) and reflects the transition to the depolarizing phase of the intracellularly defined slow oscillation (4, 7). To take into account all identifiable neural events during SWS epochs, we also detected sleep spindles as described in ref. 38 .
fMRI Data Acquisition and Analysis. To avoid movement-related EEG artifacts, the subject's head was immobilized in the head coil by a vacuum pad. The subject was asked to relax and try to sleep in the scanner whereas fMRI and EEG data were acquired continuously. The fMRI time series were acquired by using a 3-Tesla MR scanner (Allegra; Siemens). Multislice T2*-weighted fMRI images were obtained with a gradient echo-planar sequence by using axial slice orientation (32 slices; voxel size, 3.4 ϫ 3.4 ϫ 3 mm; matrix size, 64 ϫ 64 ϫ 32; time of repetition [TR], 2,460 ms; time to echo [TE], 40 ms; flip angle, 90°; delay, 0). Subjects were scanned during the first half of the night, starting at around midnight. A subject stayed until he or she indicated by button press the desire to leave, or for a maximum of 4,000 scans (Ϸ 164 min). Functional volumes were analyzed by using Statistical Parametric Mapping 5 (SPM5; available from http://www.fil.ion.ucl.ac.uk/spm/ software/spm5) implemented in MATLAB version 7.1 (Mathworks).
The fMRI time series were corrected for head motion, spatially normalized (two-dimensional spline; voxel size, 2 ϫ 2 ϫ 2 mm) to an echo planar imaging template conforming to the Montreal Neurological Institute (MNI) space, and spatially smoothed with a Gaussian kernel of 8 mm full width at half maximum (FWHM). The analysis of fMRI data, based on a mixed-effects model, was conducted in two serial steps, accounting for intraindividual (fixed effects) and interindividual (random effects) variance. For each subject, the vectors, including slow wave and delta wave onsets, were convolved with the three canonical basis functions (hemodynamic response function, its derivative and dispersion) and used as regressors in the individual design matrix. To model all identifiable neural events of SWS, one vector containing sleep spindle onsets also was included for each session and convolved with the three canonical basis functions. To take into account the nonlinearity of the hemodynamic response for events separated by Ͻ 1.5 s (which was the case for Ϸ 20% of the detected slow wave/delta wave events), we included vectors representing interactions between regressors by using the Volterra series (39) . To take into account artifacts related to cardiac cycle, an estimation of R-R intervals derived from the ECG was included as a regressor of no interest. Movement parameters estimated during realignment (translations in the x, y, and z directions and rotations around the x, y, and z axes) and a constant vector also were included in the matrix as variables of no interest. High-pass filtering was implemented in the matrix design by using a cutoff period of 128 s to remove low-frequency drifts from the time series. Serial correlations in the fMRI signals were estimated by using an autoregressive (order 1) plus white noise model and a restricted maximum likelihood algorithm. The main effects of the slow waves and delta waves were then tested by a linear contrast, generating a statistical parametric map [(SPM(T)]. These individual contrast images were then smoothed (6 mm FWHM Gaussian kernel) and entered in a second-level analysis. The second-level analysis consisted of an ANOVA with the basis set (three levels) and wave type (two levels) as factors. The error covariance was not assumed to be independent between regressors, and a correction for nonsphericity was applied. The resulting set of voxel values constituted maps of F statistics [SPM(F)], thresholded at P Ͻ 0.001 (uncorrected). To correct for multiple comparisons, statistical inferences were reported in regions of interest identified in neuroimaging studies of NREM sleep (see the tables) by using spherical volumes (10 mm sphere, i.e., Ϸ4000 mm 3 ; small volume correction), and a threshold of P Ͻ .05. Complete results at P Ͻ .001, uncorrected, are given in supporting information (SI) Tables S1-S3. Additional details on materials and methods are given in SI Materials and Methods.
